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Limbal stem cell deficiency (LSCD) is a clinical condition characterized by damage of cornea limbal stem cells, which results in an
impairment of corneal epithelium turnover and in an invasion of the cornea by the conjunctival epithelium. In these patients, the
conjunctivalization of the cornea is associated with visual impairment and cornea transplantation has poor prognosis for
recurrence of the conjunctivalization. Current treatments of LSCD are aimed at replacing the damaged corneal stem cells in
order to restore a healthy corneal epithelium. The autotransplantation of limbal tissue from the healthy, fellow eye is effective in
unilateral LSCD but leads to depauperation of the stem cell reservoir. In the last decades, novel techniques such as cultivated
limbal epithelial transplantation (CLET) have been proposed in order to reduce the damage of the healthy fellow eye. Clinical
and experimental evidence showed that CLET is effective in inducing long-term regeneration of a healthy corneal epithelium in
patients with LSCD with a success rate of 70%–80%. Current limitations for the treatment of LSCD are represented by the lack
of a marker able to unequivocally identify limbal stem cells and the treatment of total, bilateral LSCD which requires other
sources of stem cells for ocular surface reconstruction.
1. Introduction
The human cornea, which covers the anterior part of the ocu-
lar globe as a transparent dome, has an avascular, stratified,
nonkeratinized squamous epithelium. It protects the eye
from the outside environment, allowing vision at the same
time. Total absence of blood vessels is essential for its trans-
parency. Contiguous to the cornea and covering the sclera
is the conjunctiva, which is rich in vessels and has a stratified
columnar epithelium containing goblet cells.
The cornea maintains its transparency and continuously
renews its epithelial surface by replacing, through a rapid
turnover process, aged or injured epithelial cells. The pres-
ence of limbal stem cells guarantees epithelial cornea
renewal. They reside on the basal epithelium in the limbal
crypts of the Vogt’s palisades located in the narrow zone
between the cornea and the bulbar conjunctiva [1–4]
(Figure 1). Limbal stem cells maintain a constant corneal cell
number by retaining their capacity for self-renewal and, at
the same time, by giving rise to transient amplifying cells
(TAC). TAC are fast-dividing progenitor cells that provide
the proliferative compartment of the limbal and corneal epi-
thelia [5–10].
All functional or anatomical conditions that damage lim-
bal stem cells result in an impairment of corneal epithelial
integrity and wound healing and cause a clinical entity
named “limbal stem cell deficiency” (LSCD) [11, 12]. Several
conditions have been reported to affect limbal stem cells
leading to LSCD, including inherited (i.e., aniridia) corneal
injuries (such as chemical burns, thermal injuries, multiple
ocular surgeries, or cryotherapies) and chronic immune
inflammatory diseases (i.e., Stevens-Johnson syndrome and
ocular cicatricial pemphigoid) [13]. The partial or total loss
of limbal stem cells leads to impairment of corneal epithe-
lium turnover and healing resulting in a resurfacing of the
cornea by invasion of the bulbar conjunctiva, known as “con-
junctivalization” of the cornea. This process is an effective
reparative mechanism to prevent secondary infections, deep
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ulceration, and perforation but leads to corneal vasculari-
zation and opacification, with consequent loss of vision
[14, 15] (Figure 2). Currently, the diagnosis of LSCD is based
on clinical history, recurrent or persistent epithelial defects,
and on the presence of corneal conjunctivalization which
can be confirmed using corneal cytological analysis by cor-
neal impression cytology [16, 17]. The in vivo visualization
of the limbal structures by in vivo confocal microscopy has
also been proposed for the diagnosis of LSCD [18–20].
Corneal transplantation (keratoplasty) is a routine,
effective, and safe surgical procedure to restore the corneal
transparency in the presence of functional limbal stem cells.
In fact, the clinical success of cornea transplantation relies
on patients’ own limbal stem cells, which generate the host-
derived corneal epithelium. When the limbus is affected, a
functional corneal epithelium can no longer be formed and
the conjunctiva will invade the corneal surface with failure
of the graft [10, 12]. To prevent corneal “conjunctivaliza-
tion,” it is mandatory to replace a well-functioning limbus
by means of transplantation of limbal stem cells.
Limbal stem cell transplantation (LSCT) has been
developed for the treatment of corneal conditions associ-
ated with functional and/or anatomical loss of corneal epi-
thelial stem cells to restore the damaged corneal surface
allowing subsequent visual recovery. The first attempts to
supply limbal stem cells consisted in autotransplantation
of limbal/conjunctival tissue from the fellow eye [21, 22].
In the last decades, several novel techniques have been
proposed including ex vivo expansion of human epithelial
cells, mainly aiming at reducing the damage of the healthy
fellow eye and at allowing the identification of stem cells
in the tissue to be transplanted.
However, some important issues still represent a chal-
lenge, including the identification of positive stem cell
markers to better isolate and characterize stem cells and the
treatment of severe, total, bilateral LSCD.
This review reports the current state of the art on (i)
the clinical application of human stem cells to treat corneal
epithelial stem cell failure, (ii) the limitations of the existing
procedures, and (iii) the future perspectives.
1.1. Location of the Epithelial Stem Cell Population in the
Cornea and Candidate Markers. Although stem cell trans-
plantations are currently introduced into clinical practice, a
major challenge for stem cell biologists and clinicians is the
identification of stem cells both in vitro and in vivo. No pos-
itive markers have been demonstrated to unequivocally iden-
tify limbal stem cells, and, currently, limbal stem cells can
only be identified by indirect methods [23, 24]. From a trans-
lational point of view, it is crucial to know where the stem
cells are located, which would allow defining precisely how
and where to perform the biopsy for ex vivo stem cell expan-
sion and finding markers for corneal epithelial stem cells that
can validate the culture procedure.
It is widely accepted that in humans, the stem cells of the
corneal epithelium are located only in the limbus region, seg-
regated in specific structures known as limbal crypts in the
palisades of Vogt [1, 25–28]. Several evidences support this
location: (i) the identification of a population of label-retain-
ing, slow-cycling cells located in clusters in the basal layer [1],
(ii) lack of expression of corneal differentiation markers [29],
(iii) ability of the limbal cells to generate holoclones (colonies
of cells with high proliferative potential considered to be stem
cells) [8, 30], (iv) impaired corneal epithelial regeneration
when the limbus is damaged [12], and (v) restoration of the
corneal surface in LSCD after limbal grafts or ex vivo limbal
stem cell transplantation [21, 31, 32]. Candidate markers for
limbal stem cells may be divided in (i) negative markers,
including molecules that are expressed in the differentiated
Figure 1: Limbal stem cells are located on the basal epithelium in
the limbal crypts of the Vogt’s palisades located in the narrow
zone between the cornea and the bulbar conjunctiva (arrow).
(a)
(b)
Figure 2: The loss of limbal stem cells results in cornea
conjunctivalization (a) and pannus (b) with impairment of visual
function.
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epithelium of the suprabasal layers of the limbus and in the
central cornea, and (ii) positive markers, including molecules
that are expressed by epithelial cells with high proliferative
potential and specific clonogenic characteristics, located in
clusters of cells in the basal layer of the limbus (Table 1). Neg-
ative markers include cytokeratins (CKs), such as CK3 and
CK12 that are specifically expressed in the differentiated epi-
thelium of the cornea and CK19 that is specifically expressed
by the differentiated conjunctival epithelium [28, 29]. Evalu-
ation of CK3/CK12 and CK19 expression is currently used to
confirm the diagnosis of LSCD by corneal impression cytol-
ogy. In fact, the presence of CK19 in the corneal cytology is
an indirect demonstration of the presence of conjunctivaliza-
tion [17]. Other negative markers include Desmoglein-3 and
Connexin 43 (Cx43) and Connexin 50 (Cx50), both
expressed in the corneal epithelium and absent in the basal
limbal epithelium [23, 33–35].
Several other molecules have been proposed as putative
positive markers, but this is still an area of controversy and
conflicting results have been reported. Immunohistochemi-
cal studies showed that integrin β1 is expressed by both basal
cells of the limbus and cornea and that integrin α9 is
expressed at limbus basal epithelium by TAC [23, 28, 32].
Positive staining for high-affinity nerve growth factor recep-
tor tyrosine kinase A (TrkA) was also demonstrated at the
basal cell layer of ocular surface epithelia, with the highest
intensity noted at the limbus [36]. Similarly, α-enolase and
vimentin have been proposed as markers for limbal stem cells
but they are expressed by the majority of basal limbal cells
and lack of specificity for stem cell identification [28, 37].
The ATP-binding cassette transporter ABCG2, a mem-
ber of the ABC transporters, has been proposed as a
potential marker of a wide variety of stem cells including
limbal stem cells [23, 38], since it is expressed in certain
basal cells of human corneal limbus and absent in the
suprabasal layer as well as in the central corneal epithe-
lium. However further studies showed that; ABCG2+ cells
are not associated with high colony forming efficiency
[39]. More recently, the ATP-binding cassette transporter
ABCB5, first demonstrated as a marker for skin progenitor
cells and human malignant melanoma stem cells [40], has
been proposed as a functional marker for stem cells of the
corneal epithelium. ABCB5+ cells have been shown in the
majority of label-retaining cells of the basal layer of the
mouse limbus but not in the central cornea. Similarly, in
the human eyes, ABCB5+ cells were located in the basal
layer of the limbal epithelium and coexpressed ΔNp63α—a
known regulator of regenerative potential in epithelial
stem cells, including human limbal stem cells [41]—which
was not expressed in ABCB5 cells. Moreover, grafts con-
taining ABCB5+ cells were able to restore the corneal
transparency and provided a stable, well-differentiated
CK12+ epithelium [42]. The observation that ABCB5 knock-
out littermates develop a corneal epithelium that retains the
capability of repairing central corneal injuries, however, sug-
gests that corneal abnormalities arising from ABCB5 defi-
ciency could be ascribed to the antiapoptotic role of the
protein and that ABCB5may play a role in regulating homeo-
stasis of the limbal/corneal epithelium. The compensatory
proliferation of nonapoptotic, basal keratinocytes could
explain the observations regarding proliferation and cellular-
ity in ABCB5 knockout mice, as well as the decreased number
of label-retaining cells. The corneal opacification observed in
extreme experimental conditions, such as the transplantation
of cultured grafts made from ABCB5 cells, might reflect the
loss of such a compensatory mechanism due to the transplan-
tation of a pure population of ABCB5 cells [42].
To date, the most promising limbal stem cell marker can-
didates are C/EBPδ, Bmi1, ΔNp63α, and Notch-1 (Table 1).
Immunohistochemical studies showed that transmembrane
receptor Notch-1 is expressed by limbal basal epithelium
and is colocalized with some ABCG2-positive cells suggest-
ing that it may represent a potential marker for limbal stem
cells [43–45]. The p63 nuclear transcription factor, a p53
homologue, was proposed as a marker for limbal stem cells;
in fact, it represents an essential determinant of the prolifer-
ative potential of stem cells in stratified epithelia [28, 41, 46–
49]. Experimental studies demonstrated that ablation of the
p63 gene results in the absence of stratified epithelia [41,
50, 51] and mutations of p63 gene cause disorders of the epi-
thelia development [51, 52]. In 2001, Pellegrini et al. demon-
strated that p63 was expressed by basal limbal epithelial cells
but not by human corneal epithelium [23, 41]. Ex vivo stud-
ies also showed that p63 is more expressed by smaller clono-
genic cells than larger cells [53]. In vitro studies by Western
blot demonstrated that holoclones contained high levels of
p63 but not paraclones (colonies of cells with poor prolifera-
tive capacities) and that limbal basal cells expressing p63 also
expressed the cell proliferation marker nuclear antigen
(PCNA) [41, 46]. However, other studies detected positive
staining for p63 in the limbal region and also among
basal cells of the corneal epithelium, suggesting that basal
p63-positive cells may include not only corneal epithelial
stem cells but also cells in a proliferative state, such as TAC
[28, 54]. The discrepancies in p63 expression detection may
be due to differences in technical procedures, cross-species
p63 expression pattern variations, and the use of a pan-p63
antiserum. In fact, limbal and corneal keratinocytes may con-
tain different ΔN isoforms of p63 in different conditions.
Specifically, the tumor protein p63 gene may generate two
different premessenger RNAs, TAp63 and ΔNp63, and
alternative splicing of each transcript produces α, β, and γ
isoforms [32, 46]. It has been showed that ocular keratino-
cytes may contain all the ΔN isoforms and that ΔNp63α is
detected at the limbus but not on the corneal epithelium in
a healthy ocular surface while all isoforms, ΔNp63α,
ΔNp63β, and ΔNp63γ, are expressed during activation of
cornea wound healing and correlate with limbal cell migra-
tion and corneal regeneration and differentiation [46, 55].
The truncated dominant-negative ΔNp63 isoform of p63 is
highly expressed in basal cells of many human stratified
epithelia [51, 56]. Barbaro et al. demonstrated that cells coex-
pressing C/EBPδ, Bmi1, and ΔNp63α in vivo identified
mitotically quiescent limbal stem cells and that, in vitro, these
markers identified holoclone-forming cells, but not those
forming meroclones and paraclones [39, 55, 57]. Barbaro
et al. also suggested that in human limbal stem cells, prolifer-
ation potential relies on the expression of ΔNp63α, whereas
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self-renewal also requires C/EBPδ. In fact, C/EBPδ is able to
induce mitotic quiescence and self-renewal of limbal stem
cells and, at the same time, to positively regulate the expres-
sion of ΔNp63α, which sustains the proliferative potential
of stem cells. After corneal injury, inactivation of C/EBPδ
releases ΔNp63α+ limbal stem cells and induces ΔNp63α-
dependent limbal stem cell proliferation, with consequent
migration and differentiation (associated with expression
of ΔNp63β and ΔNp63γ) to regenerate the cornea [55].
Moreover, long-term stability of cultivated limbal stem cell
transplantation was statistically associated with the percent-
age of p63-bright holoclone-forming stem cells in culture.
Cultures in which p63 cells accounted for more than 3% were
associated with a successful transplantation rate close to 80%.
In contrast, cultures with less than 3% were associated with
poor results, with successful transplantation in only 10% of
patients [32].
1.2. Limbal Stem Cell Transplantation. The loss of limbal epi-
thelial stem cells allows the conjunctival epithelium to invade
the cornea. As a consequence, patients experience visual
impairment and recurrent and/or persistent epithelial defects
associated with chronic inflammation, discomfort, and pain
[13]. Corneal impression cytology is currently used to iden-
tify goblet cells and/or cytokeratin 19 expression to confirm
the presence of conjunctival epithelium and aid the diagnosis
of corneal conjunctivalization [16–18].
Surgical approaches such as amniotic membrane trans-
plantation may be useful in patients with partial and mild
LSCD [13, 58–62]. However, they are deemed to fail in more
severe cases of LSCD, which require the restoration of limbal
stem cells before any other surgical procedure, to obtain
long-term results [62]. In fact, limbal stem cell transplan-
tation has shown to improve the prognosis of a subse-
quent keratoplasty [2, 63].
Limbal stem cell deficiency has been successfully treated
for years by directly grafting a portion of the healthy limbal
tissue taken from the contralateral eye in unilateral cases
[14, 21]. However, some concerns exist regarding potential
donor eye risks [63]: although few reports have shown conse-
quences related to harvesting [64], patients are often unen-
thusiastic about having the “good” eye touched, together
with the great responsibility felt by surgeons. Moreover, fur-
ther harvesting of the limbus following possible failure is not
advisable (Figure 3(a)).
Recently, Sangwan et al. proposed the “simple limbal epi-
thelial transplantation” (SLET) for unilateral LSCD, in which
a small limbal biopsy from the contralateral healthy eye is
extracted and then divided into 8–10 pieces and then placed
on top of fresh human amniotic membrane already trans-
planted in the diseased cornea with fibrin glue [65]. This
technique has been recently modified by using a cryopre-
served amniotic membrane in a double layer that sandwiches
the limbal cells, and it was approved by the FDA for clinical
Table 1: Current putative markers of stem cell based on histological evidence.
Markers
Cornea Limbus
Basal cells Suprabasal cells Basal cells Suprabasal cells
CK3/CK12 ++ ++ – +
CK19 - - + -
CK5/CK14 +/- - + +/-
Vimentine - - ++ +
α –enolase + - ++ +/-
Metallothionein - + +/- +
Connexin 43 ++ + - +
Connexin 50 ++ ++ - -
Desmoglein-3 - + - +
E-cadherin ++ ++ +/- ++
P-cadherin + - +/- -
Integrin α9 - - ++ +/-
Integrin β1 ++ + + +
Integrin α6 ++ + +/- +
ABCG2 - - ++ -
ABCB5 - - + -
E-cadherin ++ ++ +/- ++
P-cadherin +/- - +/- -
ΔNp63α - - ++ +/-
C/EBPδ - - + -
Bmi1 - - + -
Notch 1 - - + -
NGF-R TrkA + +/- + +/-
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use [66]. Some concerns still exist regarding (i) the mecha-
nism by which the biopsies work, (ii) reproducibility, and
(iii) the long-term efficacy of the procedure. First of all, it is
not clear if the small biopsies must be integrated and remain
on the corneal surface forever, thus providing a stable source
of corneal epithelium, a sort of “ectopic limbus,” or whether
they should provide stem cells that will migrate onto the
recipient cornea and repopulate the limbus. We should bear
in mind that the migration process promotes stem cell differ-
entiation and it has not yet been proven whether TA cells can
redifferentiate into a stem cell state ([67]; Di [68]). Moreover,
the amniotic membrane (AM), on which biopsies are glued,
can both prevent and promote the correct engraftment
and survival of the stem cells. The AM can integrate or
be digested, thus affecting the fate of the biopsies. It has
been shown that AM promotes the differentiation of limbal
stem cells and AM itself has healing and regenerative prop-
erties [69]. It has also been shown that partial limbal stem
cell deficiency can be treated with corneal pannus removal
and AM grafting through in vivo recovery rather than stem
cell engraftment [58]. However, SLET is a rapid and easy
surgical procedure with the advantage of being low cost
which made this technique of particular relevance in devel-
oping countries.
1.3. Development of Ex Vivo Limbal Stem Cell
Transplantation. To overcome risks for the donor eye, much
effort has been made to develop a technique to reduce biopsy
dimensions using cell expansion in culture. In 1997, Pelle-
grini et al. showed that autologous cultivated limbal epithelial
transplantation (CLET) obtained from a 1mm2 limbal
biopsy included stem cells and restored the corneal surface
in two patients with complete loss of the corneal-limbus epi-
thelium [31] (Figure 3(b)). Subsequent studies showed that
CLET was effective in inducing long-term regeneration of a
healthy corneal epithelium in patients with LSCD due to
chemical or thermal burns [70]. When the injury damaged
only the ocular surface epithelium, including the limbus
but sparing the corneal stroma, CLET was sufficient to
restore corneal integrity and improve visual acuity; when
the corneal stroma was involved by the injury, the corneal
scarring required a subsequent keratoplasty for visual
recovery [70] (Figure 4). The culture procedure was then
standardized [8, 71], and to date, more than 270 grafts have
been transplanted in different ophthalmological centres
throughout Italy, with long-term stability reported in more
than 150 patients and with a success rate in 70%–80% of
cases [32, 72]. More than 10 years of follow-up confirmed
the long-term integrity of the engrafted epithelium. The
use of ex vivo-expanded autologous human corneal epithe-
lial cells containing stem cell transplantation (Holoclar®)
has been approved in 2015 by EMA for the treatment of
patients with moderate or severe LSCD caused by burns.
Ex vivo limbal grafting represents an exciting innovation
because it might have several advantages compared with the
previously used technique of directly grafting limbal tissue:
(i) fewer risks for the donor eye, (ii) possibility to treat bilat-
eral LSCD when a spared part of the limbus, albeit small, is
present, (iii) possibility of regrafting after failure, (iv) cells
can be frozen and stored, allowing additional transplantation
or banking if required, (v) association with gene therapy, and
(vi) proof of concepts to use another cell source to treat total
bilateral disease.
A successful LSCT mainly depends on a correct diagnosis
andmanagement of the patients. It is worth to note that LSCT
is currently contraindicated in severe dry eye conditions, in
which transplanted living tissue does not survive due to the
alteration of the ocular surface microenvironment. In addi-
tion, LSCT is also contraindicated in the presence of active
inflammation in bilateral diseases such as Stevens-Johnson
syndrome, ocular cicatricial pemphigoid, EEC syndrome,
and graft versus host disease [73]. Currently, it has been
clearly demonstrated that autologous cultured limbal stem
cells transplantation is effective in corneal epithelium restora-
tion in patients with LSCD after chemical/thermal burns [32].
In these patients, the cytological diagnosis should be con-
firmed one year after injury, which is the time for a complete
renewal of the corneal epithelium. Evidence showed that after
cultured LSCD the transplanted stem cells multiply, migrate,
and differentiate to regenerate the corneal epithelium and
to replace lost limbal stem cells [32, 74]. The engrafted
stem cells showed to maintain their self-renewal capacity,
(a) (b)
Figure 3: The limbal scar of the healthy donor eye after limbal biopsy to perform limbal autotransplantation (a) is larger than that after limbal
biopsy to perform cultivated limbal epithelial transplantation (b).
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as demonstrated by their ability to regenerate a normal
corneal epithelium after corneal transplantation performed
12–24 months after LSCT [32]. To improve the clinical out-
come of LSCT, the proper selection and preparation of the
recipient eye are of primary importance. In fact, failures of
LSCT have been associated not only with the severity of the
ocular damage but also with the severity of tear film impair-
ment and presence of inflammation which cause changes of
the ocular microenvironment [75]. As consequence, in
patients with chemical burns, it is fundamental to restore
eyelid morphology and function and to perform ocular sur-
face reconstruction and improve tear film distribution before
stem cell transplantation [32, 63, 76].
It is worthy of note that autologous limbal grafts may be
performed in unilateral LSCD or in bilateral LSCD with
spared portions of the healthy limbus that can be used as
donor tissue for ex vivo expansion; however, in bilateral, total
LSCD (when the limbus is completely destroyed in both
eyes), limbal tissue from a deceased donor or from a living
relative can be used or an alternative source of human stem
cells, such as bone marrow and embryonic, oral, or skin epi-
thelium, has been proposed [63, 77].
1.4. Ex Vivo Expansion and Carriers for the Cultivated Stem
Cells. Various protocols for the cultivation of limbal stem cells
for transplantation have been proposed, including methods to
extract cells from biopsy (mechanical disruption or enzymatic
dissociation), different substrates and carriers (fibrin sheet,
amniotic membrane, contact lenses, and collagen), and the
presenceof animal-derivedorxeno-free components in the sys-
tem(mediumandfeeder layer) [78,79].Although good clinical
outcomes have been reported with several different culture
procedures, few studies have evaluated the clonal character-
istics and proliferative potential of the cultivated cells.
When dealing with stem cell-based therapies, it should be
mandatory to demonstrate the presence, survival, and con-
centration of stem cells in culture and in the graft and val-
idate the procedure under GMP conditions [8, 70].
We previously showed, using proliferative potential and
clonal analysis, that from a 1-2mm2 limbal biopsy, it was pos-
sible to isolate cells with stem cell characteristics that maintain
their stemness once transferred onto a fibrin layer used as a
carrier [8]. We also showed that autologous limbal stem cells,
cultivated on fibrin and 3T3 feeder layers, maintain their prop-
erties and are able to restore corneal integrity in severe limbal
stem cell deficiency [70]. Keratinocytes’ culture was originally
developed for epidermal keratinocytes and has been used in
the last two decades for restoration of the corneal surface on
hundreds of patients with LSCD with no adverse effects [80].
We later confirmed the long-term stability of the results,
up to ten years, and validated the procedure, comparing
clinical results with the expression of ΔNp63α in culture
[32, 46, 72]. Success was statistically associated with the per-
centage of p63-positive cells in culture. Cultures in which p63
cells accounted for more than 3% were associated with a suc-
cessful transplantation rate close to 80%. In contrast, cultures
(a) (b)
(c) (d)
Figure 4: LSCD caused by chemical burn (a). Twelve months after cultivated limbal epithelial transplantation (b), the cornea showed cornea
epithelial integrity, decrease of superficial neovascularization, and improvement of cornea transparency. Patients with LSCD after chemical
burn with involvement of corneal stroma (c). The presence of corneal scarring required a keratoplasty after CLET to restore visual acuity (d).
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with less than 3% were associated with poor results, with suc-
cessful transplantation in only 10% of patients [32].
2. Clinical Results
Since the first report in 1997 by Pellegrini et al., the effi-
cacy of CLET to regenerate the ocular surface has been
demonstrated in many reports [31, 81–83]. Baylis and col-
leagues recently reviewed the outcomes of cultured epithe-
lial cell therapy over the past 13 years [63]. They evaluated
28 case report studies. These studies were very heteroge-
neous in terms of inclusion criteria, protocols, and assess-
ment, and only 5 out of the 28 included more than 20
patients. Regarding the cause, bilateral chronic inflamma-
tory diseases (Stevens-Johnson syndrome, cicatricial pem-
phigoid) were mixed together with congenital bilateral
aniridia and posttraumatic unilateral and bilateral ocular
burns, making the final conclusion very difficult to be
drawn. The overall success rate was 77% for autografts
and 73% for allografts, where the result of allografts was
unexpected and a little surprising. The authors highlighted
that different studies used different outcome parameters to
evaluate the success of the procedures. In fact, some studies
considered success the clinical evidence of an improved cor-
neal surface, whereas others considered success more objec-
tive parameters such as visual acuity [63]. Similarly, Zhao
et al. recently published a systematic review on the results
of CLET using amniotic membrane as substrate for LSCD.
They evaluated 18 studies with a follow-up period ranging
from 1 to 118 months and reported a success rate of 67%
and vision improvement of 62% without a difference between
autograft and allograft [84].
In the literature, contrasting results have been reported
on the use of allogeneic keratolimbal grafts: both clinical suc-
cesses and failures have been observed in the presence of sys-
temic immunosuppressive therapy [85, 86], while positive
clinical results have been reported in the absence of immuno-
suppression [87, 88] and/or in the absence of allogeneic cell
survival. A recent systematic review on clinical outcomes of
keratolimbal allograft in LSCD after severe corneal chemi-
cal injury evaluated six nonrandomized, controlled studies
and reported a best corrected visual acuity≥ 20/200 in 69%
(20/29) of the eyes at the last follow-up examination (mean
follow-up range 6.2–114 months). The authors concluded
that the quality of the evidence to support the use of kerato-
limbal allograft in LSCD is low and further, standardized
studies with long-term follow-up are needed [89–91]. In
addition, different studies used different immunosuppression
regimens after keratolimbal allograft; in fact, even if most
studies used systemic cyclosporine, there is not a standard-
ized immunosuppressive regimen for keratolimbal allograft
[91]. In most cases, the interpretation of the results has been
hampered either by the lack of a proper genetic evaluation of
the presumptive long-term engraftment of allogeneic limbal
grafts or by the inadequate length of the follow-up. In the
absence of demonstrated surviving donor cells, a possible
explanation for the clinical success is that the allogeneic
limbal cells grafted might have induced modifications of
the microenvironment and promoted proliferation of the
patient’s own dormant stem cells, which progeny gradually
replaced donor cells. While they remained in situ in the
injured eye, these limbal cells evidently could not generate
corneal epithelium, either because of the lack of a microenvi-
ronment suitable for their multiplication or because of
fibrotic obstruction to their migration over the cornea. This
would explain the mixed population of donor and recipient
corneal cells observed at a short-term follow-up. These find-
ings are consistent with reports showing that the clinical
improvement observed by means of allogeneic keratolimbal
grafts does not necessarily correlate with long-term survival
of donor cells [92]. Similarly, cultured allogeneic epidermal
keratinocytes do not engraft permanently but strongly
stimulate epidermal regeneration in partial-thickness skin
burns, presumably by stimulating residual hair follicle
stem cells [93].
Recently, the CLET procedure has been approved for
clinical use in the European Union and it is subject to the
stringent regulations of the European Tissues and Cell Direc-
tive regarding good manufacturing procedures (GMP). The
first study published in Europe in compliance with European
Union regulations and GMP rules was performed in 2008 by
Shortt and colleagues [94], who used a limbal cell suspension
culture system and amniotic membrane as the substrate for
limbal stem cell transplantation in 10 cases (7 allogeneic
and 3 autologous) with a 6-month follow-up. In this study,
the success rate was 60%, evaluated by corneal impression
cytology and by in vivo corneal confocal microscopy, and
visual acuity improvement was observed in 70% of patients.
Although no statistical analyses were done, these authors
reported better results for allogenic than for autologous
transplantation. Their results may be influenced by the possi-
bility that allograft tissues derived from donor cadavers were
larger than the autologous tissue. In a subsequent study, our
group reported a success rate of 68% after one autograft, up
to a final successful clinical outcome of 76% after regrafting
in 11 eyes, using fibrin-cultured autologous CLET in 107
cases, with a mean follow-up of 3 years [32]. Recently,
Zakaria et al. reported the results of 15 autologous and 3
allogeneic (2 from HLA-matched living related donors and
1 from a cadaveric donor) xeno-free CLET using a human
amniotic membrane support with a mean follow-up of 24
months. The grafts were assessed for the presence of progen-
itor cells, and the predominant phenotype (>50%) consisted
of small cells positive for ΔNp63, CK14, and ABCG2
and negative for CK3/12 and desmoglein 3. They reported
a clinical success rate of 67% defined as persistent contin-
uous epithelial surface and a significant decrease of corneal
neovascularization [95].
A 10-year retrospective study on xeno-free autologous
CLET on a denuded amniotic membrane by Sangwan et al.
on 200 patients with unilateral total LSCD due to chemical
burns reported a 71% success rate evaluated on clinical
grounds and a visual gain of two lines in 60.5% of cases,
with a mean follow-up of 3 years [74]. They used sutures
or fibrin glue and performed concomitant symblepharon
surgery in 45% of cases and keratoplasty in 5% of them.
The same group later reported a worse prognosis when
keratoplasty was performed at the same time as autologous
7Stem Cells International
CLET than when CLET was done first and keratoplasty at
least 6 weeks later [96].
2.1. Transplantation from Other Sources of Mucosal Epithelial
Cell Transplantation. As previously mentioned, total, bilat-
eral LSCD still represents a challenge for limbal transplanta-
tion and other sources of stem cells have been considered,
including cultured oral mucosal epithelium transplant
(COMET) [97–99] Nakamura et al. first proposed in 2003
the transplantation of cultured oral epithelium to restore
the ocular epithelial surface in rabbits [100]. Oral and corneal
epithelia have similar phenotypes, and the autologous epithe-
lium showed a lower risk of immunologic rejection as
compared to allotransplants. Subsequent studies showed
that oral epithelium cells have a low stage of differentia-
tion combined with fast cell turnover, need less time to
grow in culture, and do not undergo keratinization [101].
Transplantation of cultured oral mucosa cells for human
injured ocular surface reconstruction was turned into prac-
tice by several groups [102–105]. Nakamura and Kinoshita
reported the development of neovascularization in patients
treated with COMET, probably due to the lack of antiangio-
genic factors [106]. Satake et al. reported a success rate of
65% at 1 year, 59% at 2, and 53% at 3 years after COMET
in 40 eyes with total limbal stem cell deficiency due to
Stevens-Johnson syndrome, chemical or thermal burns, and
ocular cicatricial pemphigoid, evaluated with a mean
follow-up of 25 months [107]. Recently, Sotozono et al.
reported an improvement of visual acuity in 48% of 46 eyes
with total LSCD after COMET, with a median follow-up of
28 months [98].
Other cell sources such as human embryonic stem cells,
skin epidermal stem cells, hair follicle stem cells, bone
marrow-derived mesenchymal stem cells, and immature
dental pulp stem cells are being tested in experimental studies
for their potential use for ocular surface reconstruction [82].
However, further experimental evidence is needed to demon-
strate their efficacy in LSCD [108].
2.2. Future Perspectives and Conclusions. Several surgical
procedures have been proposed for the treatment of LSCD
in order to restore the limbal stem cell reservoir. After more
than 40 years of studies, no consensus on guidelines for the
management of this challenging condition has been reached.
This is mainly due to heterogeneity of patient population,
different follow-up periods, and outcomes, used in the clini-
cal studies. In fact, while improvement of quality of life,
visual acuity, or ocular surface may be considered a clinical
success, to define a success of LSCT is necessary to formally
demonstrate the long-term presence of the transplanted stem
cells which is currently made by identification of corneal
epithelium using corneal impression cytology.
The introduction of CLET for the treatment of patients
with LSCD has represented a breakthrough for the manage-
ment and outcome of this condition. The improvement in
the knowledge of stem cell and corneal epithelium physiol-
ogy, the setting up of culture methods able to maintain stem-
ness in culture, and the development of surgical procedures
to transplant ex vivo corneal epithelium sheets have defeated
a challenging disease such as LSCD [82]. Two decades of
experimental and clinical studies resulted in 70–80% suc-
cess rates, and an improvement can be expected by identi-
fication of specific stem cell markers allowing a better biopsy
procedure, sheet selection, and potentially enrichment of
stem cell concentration.
Moreover, cultured limbal stem cell transplantation has
several potential future improvements, such as selection of
alternative carriers, gene therapies, and use of an alternative
source of stem cells. These improvements might expand the
clinical use of stemcells over LSCDfor the treatment of genetic
diseases, such as corneal dystrophies, or for performing a
simultaneous transplantation of stem cells and corneal graft.
The main problems are related to bilateral LSCD without
any spared limbal area which does not allow obtaining autol-
ogous limbal stem cells to be transplanted. Use of alternative
sources of stem cells, such as oral mucosa, bone marrow-
derived mesenchymal stem cells, or iPS cells, is under evalu-
ation as alternative to limbal allografts obtained from cadaver
or living relatives [91, 109, 110]. As alternative, implantation
of an artificial cornea (keratoprosthesis) has been proposed
for treatment of bilateral LSCD [111]. Encouraging results
have been described with the Boston keratoprosthesis type I
[112]. Recently, a systematic review demonstrated that 64%
of patients with LSCD after chemical burns implanted with
Boston keratoprosthesis type I showed a visual acuity of more
than 20/200 and a device retention in 89% of cases, after 2
years of follow-up [113].
Future improvement of the ophthalmic use of stem cells
includes (i) preparation of an “ex vivo cornea” composite
by stem cells seeded with other cells, such as fibroblasts and
endothelium, on a 3D scaffold and (ii) treating severe dry
eyes by tissue engineering of the lacrimal gland and/or con-
junctival tissue enriched with goblet cells.
Conflicts of Interest
The authors declare that there is no conflict of interest
regarding the publication of this article.
References
[1] G. Cotsarelis, S. Z. Cheng, G. Dong, T. T. Sun, and R. M.
Lavker, “Existence of slow-cycling limbal epithelial basal cells
that can be preferentially stimulated to proliferate: implica-
tions on epithelial stem cells,” Cell, vol. 57, no. 2, pp. 201–
209, 1989.
[2] M. Notara, A. Alatza, J. Gilfillan et al., “In sickness and in
health: corneal epithelial stem cell biology, pathology and
therapy,” Experimental Eye Research, vol. 90, no. 2,
pp. 188–195, 2010.
[3] P. Ordonez, S. Chow, D. Wakefield, and N. di Girolamo,
“Human limbal epithelial progenitor cells express αvβ5-
integrin and the interferon-inducible chemokine CXCL10/
IP-10,” Stem Cell Research, vol. 11, no. 2, pp. 888–901, 2013.
[4] R. A. Thoft, L. A. Wiley, and N. Sundarraj, “The multipoten-
tial cells of the limbus,” Eye, vol. 3, no. 2, pp. 109–113, 1989.
[5] H. S. Dua and A. Azuara-Blanco, “Limbal stem cells of the
corneal epithelium,” Survey of Ophthalmology, vol. 44,
no. 5, pp. 415–425, 2000.
8 Stem Cells International
[6] R. M. Lavker, S. C. G. Tseng, and T.-T. Sun, “Corneal epithe-
lial stem cells at the limbus: looking at some old problems
from a new angle,” Experimental Eye Research, vol. 78,
no. 3, pp. 433–446, 2004.
[7] M. S. Lehrer, T. T. Sun, and R. M. Lavker, “Strategies of epi-
thelial repair: modulation of stem cell and transit amplifying
cell proliferation,” Journal of Cell Science, vol. 111, pp. 2867–
2875, 1998.
[8] G. Pellegrini, O. Golisano, P. Paterna et al., “Location and
clonal analysis of stem cells and their differentiated progeny
in the human ocular surface,” The Journal of Cell Biology,
vol. 145, no. 4, pp. 769–782, 1999.
[9] V. S. Sangwan, “Limbal stem cells in health and disease,” Bio-
science Reports, vol. 21, no. 4, pp. 385–405, 2001.
[10] S. C. G. Tseng, “Concept and application of limbal stem
cells,” Eye, vol. 3, no. 2, pp. 141–157, 1989.
[11] J. J. Chen and S. C. Tseng, “Abnormal corneal epithelial
wound healing in partial-thickness removal of limbal epithe-
lium,” Investigative Ophthalmology & Visual Science, vol. 32,
no. 8, pp. 2219–2233, 1991.
[12] A. J. Huang and S. C. Tseng, “Corneal epithelial wound heal-
ing in the absence of limbal epithelium,” Investigative Oph-
thalmology & Visual Science, vol. 32, no. 1, pp. 96–105, 1991.
[13] H. S. Dua, J. S. Saini, A. Azuara-Blanco, and P. Gupta,
“Limbal stem cell deficiency: concept, aetiology, clinical
presentation, diagnosis and management,” Indian Journal
Ophthalmology, vol. 48, no. 2, pp. 83–92, 2000.
[14] E. J. Holland, “Epithelial transplantation for the management
of severe ocular surface disease,” Transactions of the Ameri-
can Ophthalmological Society, vol. 94, pp. 677–743, 1996.
[15] V. Puangsricharern and S. C. G. Tseng, “Cytologic evidence
of corneal diseases with limbal stem cell deficiency,” Ophthal-
mology, vol. 102, no. 10, pp. 1476–1485, 1995.
[16] P. M. Donisi, P. Rama, A. Fasolo, and D. Ponzin, “Analysis of
limbal stem cell deficiency by corneal impression cytology,”
Cornea, vol. 22, no. 6, pp. 533–538, 2003.
[17] M. Sacchetti, A. Lambiase, M. Cortes et al., “Clinical and
cytological findings in limbal stem cell deficiency,” Graefe's
Archive for Clinical and Experimental Ophthalmology,
vol. 243, no. 9, pp. 870–876, 2005.
[18] L. Jawaheer, D. Anijeet, and K. Ramaesh, “Diagnostic criteria
for limbal stem cell deficiency-a systematic literature review,”
Survey of Ophthalmology, vol. 62, no. 4, pp. 522–532, 2017.
[19] Q. Le, J. Xu, and S. X. Deng, “The diagnosis of limbal stem cell
deficiency,” The Ocular Surface, vol. 16, no. 1, pp. 58–69,
2018.
[20] M. Nubile, M. Lanzini, A. Miri et al., “In vivo confocal
microscopy in diagnosis of limbal stem cell deficiency,”
American Journal of Ophthalmology, vol. 155, no. 2,
pp. 220–232, 2013.
[21] K. R. keivyon and S. C. G. Tseng, “Limbal autograft trans-
plantation for ocular surface disorders,” Ophthalmology,
vol. 96, no. 5, pp. 709–723, 1989.
[22] T. P. Utheim, “Limbal epithelial cell therapy: past, present,
and future,” Methods in Molecular Biology, vol. 1014, pp. 3–
43, 2013.
[23] Z. Chen, C. S. de Paiva, L. Luo, F. L. Kretzer, S. C. Pflugfelder,
and D. Q. Li, “Characterization of putative stem cell pheno-
type in human limbal epithelia,” Stem Cells, vol. 22, no. 3,
pp. 355–366, 2004.
[24] J. T. Daniels, J. K. G. Dart, S. J. Tuft, and P. T. KHAW, “Cor-
neal stem cells in review,” Wound Repair and Regeneration,
vol. 9, no. 6, pp. 483–494, 2001.
[25] H. S. Dua, V. A. Shanmuganathan, A. O. Powell-Richards,
P. J. Tighe, and A. Joseph, “Limbal epithelial crypts: a novel
anatomical structure and a putative limbal stem cell niche,”
The British Journal of Ophthalmology, vol. 89, no. 5,
pp. 529–532, 2005.
[26] M. A. Dziasko, H. E. Armer, H. J. Levis, A. J. Shortt, S. Tuft,
and J. T. Daniels, “Localisation of epithelial cells capable
of holoclone formation in vitro and direct interaction with
stromal cells in the native human limbal crypt,” PLoS One,
vol. 9, no. 4, article e94283, 2014.
[27] F. Majo, A. Rochat, M. Nicolas, G. A. Jaoudé, and
Y. Barrandon, “Oligopotent stem cells are distributed through-
out the mammalian ocular surface,”Nature, vol. 456, no. 7219,
pp. 250–254, 2008.
[28] U. Schlotzer-Schrehardt and F. E. Kruse, “Identification and
characterization of limbal stem cells,” Experimental Eye
Research, vol. 81, no. 3, pp. 247–264, 2005.
[29] A. Schermer, S. Galvin, and T. T. Sun, “Differentiation-
related expression of a major 64K corneal keratin in vivo
and in culture suggests limbal location of corneal epithelial
stem cells,” The Journal of Cell Biology, vol. 103, no. 1,
pp. 49–62, 1986.
[30] K. Lindberg, M. E. Brown, H. V. Chaves, K. R. Kenyon,
and J. G. Rheinwald, “In vitro propagation of human ocu-
lar surface epithelial cells for transplantation,” Investigative
Ophthalmology & Visual Science, vol. 34, no. 9, pp. 2672–
2679, 1993.
[31] G. Pellegrini, C. E. Traverso, A. T. Franzi, M. Zingirian,
R. Cancedda, and M. de Luca, “Long-term restoration of
damaged corneal surfaces with autologous cultivated corneal
epithelium,” Lancet, vol. 349, no. 9057, pp. 990–993, 1997.
[32] P. Rama, S. Matuska, G. Paganoni, A. Spinelli, M. de Luca,
and G. Pellegrini, “Limbal stem-cell therapy and long-term
corneal regeneration,” The New England Journal of Medicine,
vol. 363, no. 2, pp. 147–155, 2010.
[33] M. Matic, I. N. Petrov, S. Chen, C. Wang, J. M. Wolosin, and
S. D. Dimitrijevich, “Stem cells of the corneal epithelium lack
connexins and metabolite transfer capacity,” Differentiation,
vol. 61, no. 4, pp. 251–260, 1997.
[34] U. Schlotzer-Schrehardt, T. Dietrich, K. Saito et al., “Charac-
terization of extracellular matrix components in the limbal
epithelial stem cell compartment,” Experimental Eye
Research, vol. 85, no. 6, pp. 845–860, 2007.
[35] J. M. Wolosin, M. Schütte, J. D. Zieske, and M. T. Budak,
“Changes in connexin43 in early ocular surface develop-
ment,”Current Eye Research, vol. 24, no. 6, pp. 430–438, 2009.
[36] A. Lambiase, S. Bonini, A. Micera, P. Rama, S. Bonini, and
L. Aloe, “Expression of nerve growth factor receptors on the
ocular surface in healthy subjects and during manifestation
of inflammatory diseases,” Investigative Ophthalmology &
Visual Science, vol. 39, no. 7, pp. 1272–1275, 1998.
[37] K. Y. Chee, A. Kicic, and S. J. Wiffen, “Limbal stem cells: the
search for a marker,” Clinical & Experimental Ophthalmol-
ogy, vol. 34, no. 1, pp. 64–73, 2006.
[38] C. S. de Paiva, Z. Chen, R. M. Corrales, S. C. Pflugfelder,
and D. Q. Li, “ABCG2 transporter identifies a population
of clonogenic human limbal epithelial cells,” Stem Cells,
vol. 23, no. 1, pp. 63–73, 2005.
9Stem Cells International
[39] T. Umemoto, M. Yamato, K. Nishida, J. Yang, Y. Tano, and
T. Okano, “Limbal epithelial side-population cells have stem
cell-like properties, including quiescent state,” Stem Cells,
vol. 24, no. 1, pp. 86–94, 2006.
[40] N. Y. Frank, S. S. Pendse, P. H. Lapchak et al., “Regulation of
progenitor cell fusion by ABCB5 P-glycoprotein, a novel
human ATP-binding cassette transporter,” The Journal of
Biological Chemistry, vol. 278, no. 47, pp. 47156–47165, 2003.
[41] G. Pellegrini, E. Dellambra, O. Golisano et al., “p63 identifies
keratinocyte stem cells,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 98, no. 6,
pp. 3156–3161, 2001.
[42] B. R. Ksander, P. E. Kolovou, B. J. Wilson et al., “ABCB5 is a
limbal stem cell gene required for corneal development and
repair,” Nature, vol. 511, no. 7509, pp. 353–357, 2014.
[43] E. K. Kim, G. H. Lee, B. Lee, and Y. S. Maeng, “Establishment
of novel limbus-derived, highly proliferative ABCG2+/
ABCB5+ limbal epithelial stem cell cultures,” Stem Cells Inter-
national, vol. 2017, Article ID 7678637, 12 pages, 2017.
[44] P. B. Thomas, Y. H. Liu, F. F. Zhuang et al., “Identification of
Notch-1 expression in the limbal basal epithelium,” Molecu-
lar Vision, vol. 13, pp. 337–344, 2007.
[45] S. Vauclair, F. Majo, A. D. Durham, N. B. Ghyselinck,
Y. Barrandon, and F. Radtke, “Corneal epithelial cell fate is
maintained during repair by Notch1 signaling via the regula-
tion of vitamin A metabolism,” Developmental Cell, vol. 13,
no. 2, pp. 242–253, 2007.
[46] E. Di Iorio, V. Barbaro, A. Ruzza, D. Ponzin, G. Pellegrini,
and M. De Luca, “Isoforms of ΔNp63 and the migration of
ocular limbal cells in human corneal regeneration,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 102, no. 27, pp. 9523–9528, 2005.
[47] Y. J. Hsueh, P. C. Kuo, and J. K. Chen, “Transcriptional reg-
ulators of the ΔNp63: their role in limbal epithelial cell prolif-
eration,” Journal of Cellular Physiology, vol. 228, no. 3,
pp. 536–546, 2013.
[48] Y. J. Hsueh, D. Y. Wang, C. C. Cheng, and J. K. Chen, “Age-
related expressions of p63 and other keratinocyte stem cell
markers in rat cornea,” Journal of Biomedical Science,
vol. 11, no. 5, pp. 641–651, 2004.
[49] G. Pellegrini, P. Rama, F. Mavilio, and M. de Luca, “Epithelial
stem cells in corneal regeneration and epidermal gene therapy,”
The Journal of Pathology, vol. 217, no. 2, pp. 217–228, 2009.
[50] R. Parsa, A. Yang, F. McKeon, and H. Green, “Association of
p63 with proliferative potential in normal and neoplastic
human keratinocytes,” The Journal of Investigative Dermatol-
ogy, vol. 113, no. 6, pp. 1099–1105, 1999.
[51] A. Yang, R. Schweitzer, D. Sun et al., “p63 is essential for
regenerative proliferation in limb, craniofacial and epithelial
development,” Nature, vol. 398, no. 6729, pp. 714–718, 1999.
[52] J. Celli, P. Duijf, B. C. J. Hamel et al., “Heterozygous germline
mutations in the p53 homolog p63 are the cause of EEC syn-
drome,” Cell, vol. 99, no. 2, pp. 143–153, 1999.
[53] H. S. Kim, X. Jun Song, C. S. de Paiva, Z. Chen, S. C. Pflug-
felder, and D. Q. Li, “Phenotypic characterization of human
corneal epithelial cells expanded ex vivo from limbal explant
and single cell cultures,” Experimental Eye Research, vol. 79,
no. 1, pp. 41–49, 2004.
[54] H. S. Dua, A. Joseph, V. A. Shanmuganathan, and R. E. Jones,
“Stem cell differentiation and the effects of deficiency,” Eye
(London, England), vol. 17, no. 8, pp. 877–885, 2003.
[55] V. Barbaro, A. Testa, E. di Iorio, F. Mavilio, G. Pellegrini, and
M. de Luca, “C/EBPδ regulates cell cycle and self-renewal of
human limbal stem cells,” The Journal of Cell Biology,
vol. 177, no. 6, pp. 1037–1049, 2007.
[56] M. Barbareschi, L. Pecciarini, M. G. Cangi et al., “p63, a p53
homologue, is a selective nuclear marker of myoepithelial
cells of the human breast,” The American Journal of Surgical
Pathology, vol. 25, no. 8, pp. 1054–1060, 2001.
[57] K. S. Park, C. H. Lim, B. M. Min et al., “The side popula-
tion cells in the rabbit limbus sensitively increased in
response to the central cornea wounding,” Investigative
Ophthalmology & Visual Science, vol. 47, no. 3, pp. 892–
900, 2006.
[58] D. F. Anderson, P. Ellies, R. T. Pires, and S. C. Tseng, “Amni-
otic membrane transplantation for partial limbal stem cell
deficiency,” The British Journal of Ophthalmology, vol. 85,
no. 5, pp. 567–575, 2001.
[59] J. A. P. Gomes, M. S. dos Santos, M. C. Cunha, V. L. D.
Mascaro, J. de Nadai Barros, and L. B. de Sousa, “Amni-
otic membrane transplantation for partial and total limbal
stem cell deficiency secondary to chemical burn,” Ophthal-
mology, vol. 110, no. 3, pp. 466–473, 2003.
[60] K. Konomi, Y. Satake, S. Shimmura, K. Tsubota, and
J. Shimazaki, “Long-term results of amniotic membrane
transplantation for partial limbal deficiency,” Cornea,
vol. 32, no. 8, pp. 1110–1115, 2013.
[61] P. Prabhasawat and S. C. Tseng, “Impression cytology study
of epithelial phenotype of ocular surface reconstructed by
preserved human amniotic membrane,” Archives of Ophthal-
mology, vol. 115, no. 11, pp. 1360–1367, 1997.
[62] S. C. Tseng, P. Prabhasawat, K. Barton, T. Gray, and
D. Meller, “Amniotic membrane transplantation with or
without limbal allografts for corneal surface reconstruction
in patients with limbal stem cell deficiency,” Archives of Oph-
thalmology, vol. 116, no. 4, pp. 431–441, 1998.
[63] O. Baylis, F. Figueiredo, C. Henein, M. Lako, and S. Ahmad,
“13 years of cultured limbal epithelial cell therapy: a review
of the outcomes,” Journal of Cellular Biochemistry, vol. 112,
no. 4, pp. 993–1002, 2011.
[64] C. Jenkins, S. Tuft, C. Liu, and R. Buckley, “Limbal transplan-
tation in the management of chronic contact-lens-associated
epitheliopathy,” Eye, vol. 7, no. 5, pp. 629–633, 1993.
[65] V. S. Sangwan, S. Basu, S. MacNeil, and D. Balasubramanian,
“Simple limbal epithelial transplantation (SLET): a novel
surgical technique for the treatment of unilateral limbal
stem cell deficiency,” The British Journal of Ophthalmology,
vol. 96, no. 7, pp. 931–934, 2012.
[66] G. Amescua, M. Atallah, N. Nikpoor, A. Galor, and V. L.
Perez, “Modified simple limbal epithelial transplantation
using cryopreserved amniotic membrane for unilateral limbal
stem cell deficiency,” American Journal of Ophthalmology,
vol. 158, no. 3, pp. 469–475.e2, 2014.
[67] G. Amescua, M. Atallah, S. Palioura, and V. Perez, “Limbal
stem cell transplantation: current perspectives,” Clinical Oph-
thalmology, vol. 10, pp. 593–602, 2016.
[68] N. Di Girolamo, “Moving epithelia: tracking the fate of mam-
malian limbal epithelial stem cells,” Progress in Retinal and
Eye Research, vol. 48, pp. 203–225, 2015.
[69] T. Dietrich-Ntoukas, C. Hofmann-Rummelt, F. E. Kruse, and
U. Schlötzer-Schrehardt, “Comparative analysis of the base-
ment membrane composition of the human limbus
10 Stem Cells International
epithelium and amniotic membrane epithelium,” Cornea,
vol. 31, no. 5, pp. 564–569, 2012.
[70] P. Rama, S. Bonini, A. Lambiase et al., “Autologous fibrin-
cultured limbal stem cells permanently restore the corneal
surface of patients with total limbal stem cell deficiency,”
Transplantation, vol. 72, no. 9, pp. 1478–1485, 2001.
[71] G. Pellegrini, R. Ranno, G. Stracuzzi et al., “The control
of epidermal stem cells (holoclones) in the treatment of
massive full-thickness burns with autologous keratinocytes
cultured on fibrin,” Transplantation, vol. 68, no. 6, pp. 868–
879, 1999.
[72] G. Pellegrini, P. Rama, S. Matuska et al., “Biological parame-
ters determining the clinical outcome of autologous cultures
of limbal stem cells,” Regenerative Medicine, vol. 8, no. 5,
pp. 553–567, 2013.
[73] H. S. Dua, A. Miri, and D. G. Said, “Contemporary limbal
stem cell transplantation - a review,” Clinical & Experimental
Ophthalmology, vol. 38, no. 2, pp. 104–117, 2010.
[74] V. S. Sangwan, S. Basu, G. K. Vemuganti et al., “Clinical out-
comes of xeno-free autologous cultivated limbal epithelial
transplantation: a 10-year study,” The British Journal of Oph-
thalmology, vol. 95, no. 11, pp. 1525–1529, 2011.
[75] G. Pellegrini, P. Rama, A. di Rocco, A. Panaras, and M. de
Luca, “Concise review: hurdles in a successful example of
limbal stem cell-based regenerative medicine,” Stem Cells,
vol. 32, no. 1, pp. 26–34, 2014.
[76] P. Rama, R. Giannini, A. Bruni, C. Gatto, R. Tiso, and
D. Ponzin, “Further evaluation of amniotic membrane bank-
ing for transplantation in ocular surface diseases,” Cell and
Tissue Banking, vol. 2, no. 3, pp. 155–163, 2001.
[77] G. Gonzalez, Y. Sasamoto, B. R. Ksander, M. H. Frank, and
N. Y. Frank, “Limbal stem cells: identity, developmental ori-
gin, and therapeutic potential,” Wiley Interdisciplinary
Reviews: Developmental Biology, vol. 7, no. 2, article e303,
2018.
[78] O. Barut Selver, A. Yağcı, S. Eğrilmez et al., “Limbal stem cell
deficiency and treatment with stem cell transplantation,”
Türk Oftalmoloji Dergisi, vol. 47, no. 5, pp. 285–291, 2017.
[79] A. W. Joe and S. N. Yeung, “Concise review: identifying
limbal stem cells: classical concepts and new challenges,”
Stem Cells Translational Medicine, vol. 3, no. 3, pp. 318–
322, 2014.
[80] M. De Luca, G. Pellegrini, and H. Green, “Regeneration of
squamous epithelia from stem cells of cultured grafts,” Regen-
erative Medicine, vol. 1, no. 1, pp. 45–57, 2006.
[81] P. A. Cauchi, G. S. Ang, A. Azuara-Blanco, and J. M. Burr, “A
systematic literature review of surgical interventions for lim-
bal stem cell deficiency in humans,” American Journal of
Ophthalmology, vol. 146, no. 2, pp. 251–259.e2, 2008.
[82] M. Haagdorens, S. I. van Acker, V. van Gerwen et al., “Limbal
stem cell deficiency: current treatment options and emerging
therapies,” Stem Cells International, vol. 2016, Article ID
9798374, 22 pages, 2016.
[83] S. C. G. Tseng, S. Y. Chen, Y. C. Shen, W. L. Chen, and F. R.
Hu, “Critical appraisal of ex vivo expansion of human limbal
epithelial stem cells,” Current Molecular Medicine, vol. 10,
no. 9, pp. 841–850, 2010.
[84] Y. Zhao and L. Ma, “Systematic review and meta-analysis on
transplantation of ex vivo cultivated limbal epithelial stem
cell on amniotic membrane in limbal stem cell deficiency,”
Cornea, vol. 34, no. 5, pp. 592–600, 2015.
[85] A. R. Djalilian, S. P. Mahesh, C. A. Koch et al., “Survival of
donor epithelial cells after limbal stem cell transplantation,”
Investigative Ophthalmology & Visual Science, vol. 46, no. 3,
pp. 803–807, 2005.
[86] R. A. Mills, D. J. Coster, and K. A. Williams, “Effect of immu-
nosuppression on outcome measures in a model of rat limbal
transplantation,” Investigative Ophthalmology & Visual Sci-
ence, vol. 43, no. 3, pp. 647–655, 2002.
[87] S. Kwitko, D. Marinho, S. Barcaro et al., “Allograft conjuncti-
val transplantation for bilateral ocular surface disorders,”
Ophthalmology, vol. 102, no. 7, pp. 1020–1025, 1995.
[88] S. K. Rao, R. Rajagopal, G. Sitalakshmi, and P. Padmanabhan,
“Limbal allografting from related live donors for corneal
surface reconstruction,” Ophthalmology, vol. 106, no. 4,
pp. 822–828, 1999.
[89] S. M. Daya, A. Watson, J. R. Sharpe et al., “Outcomes and
DNA analysis of ex vivo expanded stem cell allograft for ocu-
lar surface reconstruction,” Ophthalmology, vol. 112, no. 3,
pp. 470–477, 2005.
[90] T. R. Henderson, I. Findlay, P. L. Matthews, and B. A. Noble,
“Identifying the origin of single corneal cells by DNA finger-
printing: part II– application to limbal allografting,” Cornea,
vol. 20, no. 4, pp. 404–407, 2001.
[91] S. S. Shanbhag, H. N. Saeed, E. I. Paschalis, and J. Chodosh,
“Keratolimbal allograft for limbal stem cell deficiency after
severe corneal chemical injury: a systematic review,” The Brit-
ish Journal of Ophthalmology, vol. 102, pp. 1114–1121, 2017.
[92] T. R. Henderson, D. J. Coster, and K. A. Williams, “The long
term outcome of limbal allografts: the search for surviving
cells,” The British Journal of Ophthalmology, vol. 85, no. 5,
pp. 604–609, 2001.
[93] M. De Luca, S. Bondanza, R. Cancedda et al., “Permanent
coverage of full skin thickness burns with autologous cultured
epidermis and reepithelialization of partial skin thickness
lesions induced by allogeneic cultured epidermis: a multicen-
tre study in the treatment of children,” Burns, vol. 18,
pp. S16–S19, 1992.
[94] A. J. Shortt, G. A. Secker, M. S. Rajan et al., “Ex vivo expan-
sion and transplantation of limbal epithelial stem cells,” Oph-
thalmology, vol. 115, no. 11, pp. 1989–1997, 2008.
[95] N. Zakaria, T. Possemiers, S. Dhubhghaill et al., “Results
of a phase I/II clinical trial: standardized, non-xenogenic, cul-
tivated limbal stem cell transplantation,” Journal of Transla-
tional Medicine, vol. 12, no. 1, p. 58, 2014.
[96] S. Basu, A. Mohamed, S. Chaurasia, K. Sejpal, G. K. Vemu-
ganti, and V. S. Sangwan, “Clinical outcomes of penetrating
keratoplasty after autologous cultivated limbal epithelial
transplantation for ocular surface burns,” American Journal
of Ophthalmology, vol. 152, no. 6, pp. 917–924.e1, 2011.
[97] S. Kolli, S. Ahmad, H. S. Mudhar, A. Meeny, M. Lako, and
F. C. Figueiredo, “Successful application of ex vivo expanded
human autologous oral mucosal epithelium for the treatment
of total bilateral limbal stem cell deficiency,” Stem Cells,
vol. 32, no. 8, pp. 2135–2146, 2014.
[98] C. Sotozono, T. Inatomi, T. Nakamura et al., “Visual improve-
ment after cultivated oral mucosal epithelial transplantation,”
Ophthalmology, vol. 120, no. 1, pp. 193–200, 2013.
[99] J. Vazirani, I. Mariappan, S. Ramamurthy, S. Fatima, S. Basu,
and V. S. Sangwan, “Surgical management of bilateral limbal
stem cell deficiency,” The Ocular Surface, vol. 14, no. 3,
pp. 350–364, 2016.
11Stem Cells International
[100] T. Nakamura, K. I. Endo, L. J. Cooper et al., “The successful
culture and autologous transplantation of rabbit oral mucosal
epithelial cells on amniotic membrane,” Investigative Oph-
thalmology & Visual Science, vol. 44, no. 1, pp. 106–116, 2003.
[101] K. Hata, H. Kagami, M. Ueda, S. Torii, and M. Matsuyama,
“The characteristics of cultured mucosal cell sheet as a material
for grafting; comparison with cultured epidermal cell sheet,”
Annals of Plastic Surgery, vol. 34, no. 5, pp. 530–538, 1995.
[102] T. Inatomi, T. Nakamura, N. Koizumi, C. Sotozono, and
S. Kinoshita, “Current concepts and challenges in ocular
surface reconstruction using cultivated mucosal epithelial
transplantation,” Cornea, vol. 24, Supplement 1, pp. S32–
S38, 2005.
[103] T. Inatomi, T. Nakamura, N. Koizumi, C. Sotozono,
N. Yokoi, and S. Kinoshita, “Midterm results on ocular sur-
face reconstruction using cultivated autologous oral mucosal
epithelial transplantation,” American Journal of Ophthalmol-
ogy, vol. 141, no. 2, pp. 267–275.e1, 2006.
[104] S. Kinoshita, N. Koizumi, and T. Nakamura, “Transplant-
able cultivated mucosal epithelial sheet for ocular surface
reconstruction,” Experimental Eye Research, vol. 78, no. 3,
pp. 483–491, 2004.
[105] T. Nakamura, T. Inatomi, C. Sotozono, T. Amemiya,
N. Kanamura, and S. Kinoshita, “Transplantation of culti-
vated autologous oral mucosal epithelial cells in patients with
severe ocular surface disorders,” The British Journal of Oph-
thalmology, vol. 88, no. 10, pp. 1280–1284, 2004.
[106] T. Nakamura and S. Kinoshita, “New hopes and strategies for
the treatment of severe ocular surface disease,” Current Opin-
ion in Ophthalmology, vol. 22, no. 4, pp. 274–278, 2011.
[107] Y. Satake, K. Higa, K. Tsubota, and J. Shimazaki, “Long-term
outcome of cultivated oral mucosal epithelial sheet transplan-
tation in treatment of total limbal stem cell deficiency,” Oph-
thalmology, vol. 118, no. 8, pp. 1524–1530, 2011.
[108] C. Ramachandran, S. Basu, V. S. Sangwan, and
D. Balasubramanian, “Concise review: the coming of age of
stem cell treatment for corneal surface damage,” Stem Cells
Translational Medicine, vol. 3, no. 10, pp. 1160–1168, 2014.
[109] K. Sejpal, F. Yu, and A. J. Aldave, “The Boston keratoprosthe-
sis in the management of corneal limbal stem cell deficiency,”
Cornea, vol. 30, no. 11, pp. 1187–1194, 2011.
[110] H. N. Saeed, S. Shanbhag, and J. Chodosh, “The Boston ker-
atoprosthesis,” Current Opinion in Ophthalmology, vol. 28,
no. 4, pp. 390–396, 2017.
[111] R. Hayashi, Y. Ishikawa, M. Ito et al., “Generation of corneal
epithelial cells from induced pluripotent stem cells derived
from human dermal fibroblast and corneal limbal epithe-
lium,” PLoS One, vol. 7, no. 9, article e45435, 2012.
[112] D. Sareen, M. Saghizadeh, L. Ornelas et al., “Differentiation of
human limbal-derived induced pluripotent stem cells into
limbal-like epithelium,” Stem Cells Translational Medicine,
vol. 3, no. 9, pp. 1002–1012, 2014.
[113] S. S. Shanbhag, H. N. Saeed, E. I. Paschalis, and J. Chodosh,
“Boston keratoprosthesis type 1 for limbal stem cell defi-
ciency after severe chemical corneal injury: a systematic
review,” The Ocular Surface, vol. 16, no. 3, pp. 272–281, 2018.
12 Stem Cells International
Hindawi
www.hindawi.com










































































Submit your manuscripts at
www.hindawi.com
